Introduction one is ESP1 independent. Esp1 has also been shown to regulate exit from mitosis. High levels of Esp1 can Successful cell division requires that each daughter cell induce mitotic CDK inactivation in cell-cycle stages receives only one copy of each chromosome. For this other than telophase. Conversely, cells carrying a temto occur, cells must duplicate each chromosome and perature sensitive esp1-1 allele are delayed in mitotic segregate the duplicated genetic material equally be-CDK inactivation (Cohen-Fix and Koshland, 1999; Tinkertween the two progeny cells during mitosis. In budding Kulberg and Morgan, 1999). How Esp1 controls exit from yeast, the onset of chromosome segregation at the mitosis is not known. metaphase-anaphase transition is controlled by the ubiHere, we show that Esp1 together with the polo kinase quitin-protein ligase APC/C (anaphase promoting comCdc5, the kinetochore protein Slk19, and Spo12, a proplex/cyclosome) complexed with its activator Cdc20 (retein previously implicated in controlling exit from mitosis viewed in Zachariae and Nasmyth, 1999) The release of Cdc14 from the nucleolus in cdc15-2, dbf2-2, and tem1-3 mutants during early anaphase was particularly evident when we correlated the length of the mitotic spindle with Cdc14 localization. In budding yeast, metaphase spindles are 1.5-2 m in length and elongate during anaphase to reach a length of 10 m during telophase (e. g. Yeh et al., 1995) . In wild-type cells, Cdc14 was released from the nucleolus in over 90% of cells with mitotic spindles 4-10 m in length, which indicates that Cdc14 is released from the nucleolus in early anaphase and remains in this released state throughout anaphase and telophase until cells exit from mitosis ( Figure 1A ). Live cell analysis of a Cdc14-GFP fusion protein revealed similar results (S. Yoshida and A. Toh-E, personal communications). In cdc15-2, dbf2-2, and tem1-3 mutants, Cdc14 was released from the nucleolus in over 80% of cells with mitotic spindles 4-6 m in length and in more than 50% of cells with 6-8 m Inactivation of ESP1, however, had a more dramatic during late stages of anaphase and telophase. Using effect on Cdc14 release from the nucleolus than prethe same approach, we found that Cfi1/Net1, which loventing sister chromatid separation and mitotic spindle calizes to the nucleolus throughout the cell cycle, was elongation ( Figure 2C ). This was particularly evident not transiently released from the nucleolus during early when we determined the localization of Cdc14 in cells anaphase (data not shown).
with mitotic spindles 3 m or longer 90 min after release from the G1 arrest. Cdc14 was released from the nucleolus in 60% of cdc15-2 and 40% of cdc15-2 GALCdc14 Is Not Transiently Released from the Nucleolus during Early SCC1RR-DD but only in 3% of cdc15-2, esp1-1 cells ( Figure 2C ). This result suggests that ESP1 is required Anaphase in cdc5-1 Mutants Several studies showed that CDC5 functions in multiple for the transient release of Cdc14 from the nucleolus during early anaphase and that this requirement is not ways to control exit from mitosis (Hu et To further establish that ESP1 was required for the transient release of Cdc14 from the nucleolus during Cdc14 was sequestered in the nucleolus during early and late anaphase in cdc5-1 mutants ( Figure 1E ). This early anaphase in MEN mutants, we examined the kinet- (A) cdc15-2 (A1674) and cdc15-2 esp1-1 (A3290) cells were grown and analyzed as described in Figure 1A .
(B) GAL-UPL-TEM1 (A3545) and GAL-UPL-TEM1 esp1-1 (A3548) cells were grown and analyzed as described in Figure 1D . (C) cdc15-2 (A1674), cdc15-2 GAL-SCC1RR-DD (A3691), and cdc15-2 esp1-1 (A3290) cells were arrested in G1 in YEP Raffinose (YEPR) medium with ␣ factor (5 g/ml). One hour prior to release from the G1 block, galactose was added (YEPRG). Cells were released into YEPRG medium lacking pheromone at 37ЊC. Spindle length measurements (graph on the right) were conducted on cells with mitotic spindles 3 m and longer 90-100 min after release from the G1 block. (D) cdc15-2 mad1::URA3 mcd1-1 (A3795) and cdc15-2 mad1::URA3 mcd1-1 esp1-1 (A3797) were grown and analyzed as described in Figure  1A . Figure 2F) , suggesting that the nected, and the daughter cell, which has received the nucleus, forms a bud upon entry into the subsequent not absolutely essential for exit from mitosis but is required for this event to occur in a timely fashion. cell cycle ("rebudding"). Exit from mitosis was delayed in esp1-1 mutants as judged by a delay in rebudding ( Figure 3A) . Whereas wild-type cells formed their second ESP1 Is Essential for Mitotic Exit in Cells bud 90-120 min after pheromone release, esp1-1 muLacking LTE1 tants did not do so until 180 min.
The putative exchange factor for Tem1, Lte1, is, unlike Next, we tested whether the mitotic exit delay obother MEN components, essential only at low temperaserved in esp1-1 mutants was due to defects in sister tures (Shirayama et al., 1994) , suggesting that other facchromatid separation and/or spindle elongation. Cells tors promote mitotic exit at high temperatures in the expressing a noncleavable version of the cohesin subabsence of LTE1. Since ESP1 is also an activator of unit Scc1/Mcd1 (Scc1RR-DD) showed a modest delay mitotic exit, we hypothesized that removal of both actiin exit from mitosis ( Figure 3A) , but mitotic spindle disasvators might lead to a more pronounced defect in exit sembly and rebudding was substantially more (90 min) from mitosis. Indeed, esp1-1 lte1⌬ double mutants were delayed in esp1-1 mutants ( Figures 3A and 3B) . esp1-1 inviable at 30ЊC ( Figure 4C ). This synthetic lethality was cells were also delayed in Cdc14 release from the nuclerescued by deletion of BUB2 ( Figure 4C ) suggesting that olus and exit from mitosis under conditions when ESP1 a defect in exit from mitosis was the cause of lethality was no longer required for chromosome segregation in esp1-1 lte1⌬ double mutants. and mitotic spindle elongation. In mcd1-1 mad1⌬ cells
To analyze the terminal phenotype of esp1-1 lte1⌬ with anaphase-and telophase-like spindles, Cdc14 was double mutants, we constructed an esp1-1 strain carreleased from the nucleolus when the mitotic spindle rying a LTE1-GFP fusion under the control of the GAL1-was 4-6 m in length ( Figure 3D ). In contrast, a large 10 promoter as the sole source of LTE1. As Lte1 is a fraction of esp1-1 mcd1 mad1⌬ cells showed defects stable protein, depletion of Lte1 did not occur for several in Cdc14 release from the nucleolus with Cdc14 release hours after glucose addition (data not shown). However, occurring only when the mitotic spindle was fully excells eventually ceased to divide and arrested in telotended (8-10 m; Figure 3D ). Clb2 protein levels and phase with Cdc14 sequestered in the nucleolus (Figures Clb2-associated kinase activity were also elevated, and 4D and 4E). We conclude that ESP1 is essential for telophase spindles persisted for 45 min longer in mad1⌬
Cdc14 release from the nucleolus and mitotic exit to mcd1-1 esp1-1 mutants than in mad1⌬ mcd1-1 cells occur in cells lacking LTE1. (Figures 3C and 3E) . It is important to note that mitotic exit, as judged by Clb2 kinase inactivation, was delayed SLK19 Is Required for MEN-Independent Release by more than 75 min in esp1-1 mad1⌬ mutants, but by of Cdc14 from the Nucleolus only 45 min in esp1-1 mad1⌬ mcd1-1 ( Figure 3E ). This during Early Anaphase suggests that the mitotic exit defect observed in esp1-1
To date, two substrates of Esp1, the cohesin subunit mutants is in part due to defects in mitotic spindle elon- Figure 5B ). This finding suggests epitopes was fused to the heat-inducible Degron cassette (esp1-td-18Myc), which targets proteins for degrathat SLK19 is required for the efficient release of Cdc14 from the nucleolus and exit from mitosis. Consistent dation via the N-end rule pathway at 37ЊC (Dohmen et al., 1994). Upon addition of methionine and shift to 37ЊC, with a role of SLK19 in mitotic exit, we also found that slk19⌬ lte1⌬ double mutants are inviable and that this Esp1-td-Myc was degraded within two hours ( Figure 4A ).
esp1-1 and esp1-td-18MYC cells failed to separate synthetic lethality is rescued by deletion of BUB2 (data not shown). sister chromatids (data not shown) and were similarly delayed in mitotic exit as judged by mitotic spindle disTo determine whether SLK19, like ESP1, regulated the MEN-independent release of Cdc14 from the nucleolus assembly and rebudding ( Figure 4B ). This result indicates that the esp1-1 mutation closely resembles a comduring early anaphase, we analyzed Cdc14 localization in cdc15-2 mad1⌬ mutants lacking SLK19. The tranplete loss-of-function mutation not only with respect to sister chromatid separation but also exit from mitosis. sient release of Cdc14 from the nucleolus observed in cdc15-2 mad1⌬ mutants was largely absent in cdc15-2 As exit from mitosis was not abolished in esp1-td-18MYC cells, our results further indicate that ESP1 is mad1⌬ slk19⌬ mutants. A large fraction of cdc15-2 we found that a cdc15 mutant that can no longer be phosphorylated (cdc15-7A; Jaspersen and Morgan, ston, 1992; Jaspersen et al., 1998). We therefore investigated whether SPO12 was required for Cdc14 release 2000) rescued the synthetic lethality of esp1-1 lte1⌬ mutants ( Figure 6D ). Our results suggest that Cdc14 of the nucleolus during early anaphase. Cells lacking SPO12 showed defects in Cdc14 release from the nuclereleased during early anaphase by the FEAR network dephosphorylates Cdc15, thereby stimulating its ability olus ( Figure 5E ) and mitotic exit was delayed by 10-15 min as judged by a delay in Clb2 degradation, inactivato promote mitotic exit. tion of Clb2-associated kinase activity and mitotic spindle disassembly ( Figure 5F ). This finding suggests that Cdc14 Is Required for the Timely Activation of MEN SPO12 is required for the efficient release of Cdc14 from Our results suggest that Cdc14 released from the nuclethe nucleolus and exit from mitosis.
olus by the FEAR network dephosphorylates Cdc15. If SPO12 was also required for the transient release of dephosphorylation of Cdc15 by Cdc14 were important Cdc14 from the nucleolus observed in cdc15-2 mutants for full activation of MEN, then components of MEN, (Figures 5G and 5H) . The release of Cdc14 from the such as Dbf2, should be less active in cdc14-3 mutants nucleolus observed in cdc15-2 mad1⌬ mutants was dithan in wild-type cells. In wild-type cells, the specific minished but not abolished in cdc15-2 spo12⌬ mad1⌬ activity of the protein kinase Dbf2 (Dbf2-associated kimutants. These results suggest that SPO12, like SLK19, nase activity/Dbf2 protein) was low during G1, S phase, is required for the efficient release of Cdc14 from the and early mitosis, but high during anaphase and telonucleolus during early anaphase. Consistent with this phase ( Figure 7A , Toyn and Johnston, 1994). In cdc14-3 idea, we found that spo12⌬ lte1⌬ double mutants are mutants, the specific activity of Dbf2 was somewhat inviable and that this synthetic lethality is rescued by slow to rise, and only reached 50% of the maximal levels deletion of BUB2 (data not shown). nucleolus during early anaphase is not affected by miwas transiently dephosphorylated during early anatotic CDK activity, but maintenance of Cdc14 in the phase in dbf2-2 mutants, as judged by the appearance nucleus and cytoplasm during late stages of anaphase of faster migrating forms of Cdc15 as dbf2-2 mutants and during telophase is, to some extent, inhibited. entered anaphase 70 min after release from the G1 arrest ( Figures 6B and 6C) . The dephosphorylation of Cdc15 observed in dbf2-2 mutants was not as pronounced as Discussion in wild-type cells ( Figure 6A ; Jaspersen and Morgan, 2000; Xu et al., 2000) , indicating that MEN also contribGiven the central role of Cdc14 in promoting exit from mitosis, it is critical to understand how Cdc14 is reguutes to the complete dephosphorylation of Cdc15. Nevertheless, the transient dephosphorylation that is oblated. We report here the identification of a regulatory circuit termed the FEAR network that promotes the reserved in dbf2-2 mutants was completely absent in cdc14-3 mutants and decreased in esp1-1 mutants (Figlease of Cdc14 from the nucleolus during early anaphase, and show that it requires the activity of the separase ure 6B), suggesting that Cdc14 released by the FEAR network during early anaphase is active. Consistent with Esp1, the polo kinase Cdc5, the kinetochore-associated protein Slk19, and Spo12, a protein of unknown function. the idea that dephosphorylation of Cdc15 is an important function of Cdc14 released by the FEAR network, Our findings also indicate that release of Cdc14 from sensitive lethality of tem1-3, cdc15-2, dbf2-2, and cdc5-1 mutants (Jaspersen et al., 1998). Thus, overexpression of FEAR network components can induce a prolonged Functions of Cdc14 during Early Anaphase Our data indicate that Cdc14 released during early anarelease of Cdc14 from the nucleolus, sufficient to induce exit from mitosis. Why the FEAR network only induces phase by the FEAR network is active. A known substrate of Cdc14, Cdc15 is transiently dephosphorylated during a transient release of Cdc14 from the nucleolus that is insufficient to induce exit from mitosis is unclear. Perearly anaphase in a Cdc14-dependent manner. We also showed that this dephosphorylation was not due to haps the activity of one or more components of the FEAR-network is restricted to anaphase, causing the MEN-dependent Cdc14 activity, as it occurred in dbf2-2 mutants. Cdc14 is likely to dephosphorylate a range of "release signal" generated by the FEAR network to be short lived. Alternatively, on a more speculative note, it substrates once it is released from the nucleolus during early anaphase, but it cannot perform its key cell-cycle is possible that sustained release of Cdc14 from the nucleolus requires export into the cytoplasm, which refunction. Cdc14 induces the switch between mitosis, when Clb CDKs inhibit Clb cyclin degradation and accuquires MEN-dependent modifications of Cdc14. In this regard, it is interesting to note that Cdc14 released by mulation of the CDK inhibitor Sic1, and G1, when Clb proteolysis and Sic1 inhibit Clb CDKs (Visintin et al., the FEAR network is predominantly localized in the nucleus, but in wild-type cells or nocodazole-treated 1998; Jaspersen et al., 1999). Maintenance of Cdc14 in the nucleus and cytoplasm by MEN is needed for Cdc14 bub2⌬ cells, Cdc14 is also found in the cytoplasm. The two-step mode of release of Cdc14 from the nuto successfully trigger this switch. In the absence of MEN, this switch collapses, probably because Cdc14 is cleolus appears to be conserved at least between S. pombe and S. cerevisiae. In S. pombe, the Cdc14 not released from the nucleolus for a sufficient period of time.
homolog Clp1/Flp1 is released from the nucleolus during early mitosis, and the septation initiation network, the One possible function of Cdc14 released by the FEAR network was that Cdc14 enhances the activity of MEN. 
